Background: Oxidative stress is believed to be an important factor in the pathogenesis of acute lung injury (ALI).
Introduction
Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are characterised by hypoxemia that is resistant to oxygen therapy, decreased lung compliance, increased microvascular permeability, and the presence of diffuse alveolar damage and alveolar oedema (1, 2) . ALI and ARDS are diffuse responses of the lung to various clinical conditions including trauma, aspiration, sepsis, endotoxemia, and pneumonia. Despite the introduction of new treatment techniques and recent advancements in intensive care technology, the mortality rate of patients with ARDS remains high (3, 4) . The main anomaly in ARDS is the disruption of the alveolar-capillary barrier. The common characteristics of this syndrome are diffuse interstitial and alveolar oedema, increased microvascular permeability, persistent hypoxemia, and diffuse inflammation (4, 5) . ARDS is considered an exaggerated inflammatory reaction of the lung to various stimuli, such as pneumonia, aspiration, inhalation, emboli, sepsis, and disseminated intravascular coagulation. In these clinical conditions leading to ARDS, increased neutrophil migration to the lungs and activation of inflammatory mediators are observed. Neutrophils cause cell damage by secreting free radicals, inflammatory mediators, proteases (elastase and collagenase), and cytokines such as tumor necrosis factor-α (TNF-α) (6) . The pathogenesis of ALI and ARDS involves multiple mechanisms including oxidant-induced inflammatory damage to the alveolar wall. Recent studies have aimed to prevent or reduce the progression of ALI (7, 8) .
Oleic acid (OA; cis-9-octadecanoic acid) is a fatty acid present in animal-and plant-derived oils. When administered intravenously, OA induces morphological and cellular changes similar to those produced by ALI and ARDS in humans. Thus, OA administration is commonly used to generate an experimental model of ALI for the assessment of potential therapeutic agents against ARDS (9) (10) (11) . Following OA administration, an initial pulmonary vascular endothelial cell injury gives rise to subsequent inflammation and ALI. Numerous studies have reported the following indicators of this oxido-inflammatory state: degeneration of the alveocapillary membrane structure, increased alveocapillary permeability, build-up of intra-alveolar and interstitial fluid, haemorrhage, infiltration of polymorphonuclear leukocytes, activation of oxidant enzymes, secretion of cytokines, and the production of adhesion molecules, reactive oxygen species (ROS), and reactive nitrogen species (9) (10) (11) (12) .
Alpha-lipoic acid (α-LA; 1,2-dithiolane-3-pentanoic acid, 6,8-dithio-octanoic acid, thioctic acid) is a strong antioxidant that plays an essential role as a cofactor in the metabolism of all organisms, from microorganisms to humans (13, 14) . Because α-LA has been found to be effective in the treatment of various models of oxidative stress, it represents a potential therapeutic possibility for many diseases associated with oxidative stress, such as ischemia-perfusion injury, diabetes, cataract formation, HIV activation, neurodegeneration, and radiation damage (14) .
The aim of this study was to examine the possible protective effects of α-LA treatment on oxidant-antioxidant status and histopathological changes in a commonly used, OA-induced experimental model of ALI. We also aimed to evaluate the effectiveness of α-LA, which may be useful in many oxidative stress models, in the treatment of ALI and ARDS.
Material and Methods
Chemicals OA was purchased from Sigma-Aldrich (St. Louis, MO, USA). α-LA was obtained from MP Biomedicals Inc. (Solon, OH, USA). Glutathione (GSH) and GSH reductase, thiobarbituric acid (TBA), phosphotungstic acid, hydrogen peroxide (H 2 O 2 ), nitroblue tetrazolium (NBT), nicotinamide adenine dinucleotide phosphate (NADPH), and other reagents were supplied by Sigma-Aldrich (St. Louis, MO, USA) or Merck (Darmstadt, Germany).
OA was dissolved in ethanol and then diluted to 25 mg/ mL as a final concentration using 0.9% NaCl (The final ratio of ethanol:saline was 1:9). The prepared solution was infused intravenously (i.v.) into the tail vein for 5 minutes through a 24 G branula (15, 16) .
α-LA was dissolved in a physiological saline solution containing 0.5% NaOH, and the pH of the solution was adjusted to 7.4 with HCl. A dose of 100 mg/kg α-LA was administered intraperitoneally (i.p.) to the rats (17) .
Animals and experimental design
The protocol for animal use was approved by the Institutional Review Board of the National Institute of Health and the Local Committee on Animal Research. The animals were obtained from the Experimental Research Centre of Firat University, Elazığ, Turkey, and maintained under standard laboratory conditions (24±3°C, 40-60% humidity, 12/12 h light/dark cycle). A commercial pellet diet (Elazig Food Company, Elazig, Turkey) and fresh drinking water were provided ad libitum.
Thirty-five female Wistar albino rats weighing between 140 and 160 g were used in the study. The rats were randomly divided into five groups, with seven rats in each group.
The experimental groups were arranged as follows: Group 1 (control group) received a control solution of physiological saline/ethanol at a dose of 100 mg/kg BW via i.v.
Group 2 (α-LA group) was given α-LA at a dose of 100 mg/ kg BW via i.p.
Group 3 (OA group) was given OA at a dose of 100 mg/ kg BW via i.v.
Group 4 (pre-OA-α-LA group) was administered α-LA 15 minutes before OA infusion.
Group 5 (post-OA-α-LA group) was administered α-LA two hours after OA infusion.
Sample preparation
Four hours after OA infusion, the rats in each group were decapitated, and blood samples were collected in regular biochemistry tubes. The tubes were centrifuged at 3000 rpm for 10 minutes, and the serum was recovered and kept at -20°C until analysis. Lung samples for later histopathological examination were also removed from the rats and provided in 10% formaldehyde to the pathology laboratory.
Biochemical analysis
Malondialdehyde (MDA), the final product of lipid peroxidation, was measured using a spectrophotometric TBA assay adapted from Satoh (18) and Yagi (19) . The results are expressed as nmol/mL.
Superoxide dismutase (SOD) activity in the serum was assessed using the method of Durak et al. (20) , modified from Sun et al. (21) , which measures the reduction of NBT by superoxide generated with the xanthine/xanthine oxidase system. One unit of SOD activity is defined as the amount of enzyme that inhibits NBT reduction by 50%. The results are expressed as U/mL.
Serum catalase (CAT) activity was determined by the method described by Aebi (22) , during which the decomposition of H 2 O 2 is followed using spectrophotometry. The results are expressed as k/mL. Serum GSH peroxidase (GSH-Px) activity was measured using the method described by Paglia de Valentine (23) , in which oxidation of NADPH is spectrophotometrically measured as a decrease in absorbance at 340 nm. The results are expressed as U/mL. Serum GSH levels were determined using the dithionitrobenzoic acid recycling method developed by Ellman (24) . The results are expressed as nmol/mL.
Histopathological examination
The tissue samples from the rats were fixed in a 10% formaldehyde solution. Following routine preparation, samples were embedded in paraffin blocks using established methods. Sections measuring 5 µm were obtained from the blocks, stained with haematoxylin-eosin, and imaged by light microscopy.
Statistical analysis
All values are presented as the mean±standard deviation. The normality analysis of the data was performed using the Kolmogorov-Smirnov test; and the Levene's test was used to analyse the homogeneity of variances. Since all of the data were normally distributed and the variances were homog-enous, one-way analysis of variance (one-way ANOVA) was used and followed by post hoc Tukey HSD test, which is a more sensitive test than other post hoc tests, to compare differences between the means of measured biochemical parameters among the experimental groups. Differences were considered significant at p<0.05.
Results
Serum concentrations of MDA and GSH, and activity levels of SOD, CAT, and GSH-Px measured for the different groups are summarised in Table 1 . The level of MDA in serum samples from the OA group was increased compared with that of the control group (p<0.001). However, the MDA level in pre-OA-α-LA samples was found to be lower than that in OA samples (p<0.001). When compared with samples from the control group, samples from the α-LA group exhibited increased CAT and GSH-Px activity levels (p<0.001 and p<0.05, respectively); in contrast, samples from the OA group exhibited decreased activity levels in the serum (p<0.05). Notably, the activity levels of CAT and GSH-Px in pre-OA-α-LA samples were greater than the activity levels in OA samples (p<0.05 and p<0.01, respectively). Compared with control samples, the serum level of GSH was increased in α-LA samples (p<0.05) but decreased in OA samples (p<0.05). However, the serum GSH level in pre-OA-α-LA samples was greater than the GSH level in OA samples (p<0.05). No significant difference in serum SOD activity was observed among the groups.
Lung samples from the control and α-LA groups were histologically normal (Figure 1a) , and minimal perivascular infiltration by mononuclear cells was observed in α-LA samples (Figure 1b) . In contrast, samples from the OA group displayed diffuse alveolar damage including increased vascular permeability, interstitial intra-alveolar oedema and haemorrhage, perivascular and intra-alveolar hyaline membrane formation, and dense interstitial intra-alveolar infiltration by mononuclear cells (Figure 2a and 2b) .
Samples from the pre-OA-α-LA group also displayed the presence of perivascular interstitial mononuclear cell infiltration. In addition, congestion and mild haemorrhage were observed in some of the vessels. However, the impairments and mononuclear cell infiltration present in pre-OA-α-LA samples were minor compared with those in OA samples. Additionally, whereas increased vascular permeability, oedema, and hyaline membrane formation were common in OA samples, these injuries were not present in pre-OA-α-LA samples (Figure 3a and 3b Samples from the post-OA-α-LA group developed a severe increase in vascular permeability. Diffuse alveolar damage including interstitial intra-alveolar mononuclear cell infiltration was also present in these samples (Figure 4a and 4b) .
Discussion
Previous research has established that ARDS increases oxidative stress and secretion of ROS from the neutrophils of patients (25) (26) (27) (28) (29) (30) . Studies involving the experimental induction of ALI as a model for ARDS have reported increased MDA concentration, indicating increased oxidative stress and altered activity of antioxidant enzymes (15, (31) (32) (33) . Additional research has revealed that the plasma of patients with ARDS contains reduced levels of antioxidants and that neutrophil infiltration and ROS accumulation can exhaust the total antioxidant capability of the lungs (26, 30) .
α-LA is a strong antioxidant and a potential therapeutic for many diseases, particularly those associated with oxidative stress. The antioxidant activity of α-LA may be the result of its abilities to both scavenge ROS and restore the capability of endogenous antioxidants, such as vitamin C, vitamin E, and GSH (13, 14) . α-LA has been shown by many studies, both in vivo and in vitro, to decrease lipid peroxidation levels. Reduced lipid peroxidation following α-LA administration has been observed to be associated with a protective effect against adriamycin-induced nephrotoxicity and cardiotoxicity in rats (34, 35) . Additional studies have found that α-LA treatment results in a decreased MDA level in the plasma (36) , liver, kidney (17) and different regions of the brain (37) .
Many studies have investigated the effects of α-LA on antioxidant enzymes (35, 36) . Maritim et al. (38) reported that α-LA administration reduced oxidative stress and altered SOD, CAT, and GSH-Px enzymatic activity levels in the liver, kidney, and heart in rats. Similarly, Shila et al. (39) showed that treatment with α-LA resulted in decreased oxidant production and lipid peroxidation in the brain, whereas it led to increased levels of enzymatic activity for SOD, CAT, and GSH-Px in all brain regions.
In this study, serum samples from the OA group contained a greater amount of MDA than samples from the control group (p<0.001). Notably, the serum MDA level was lower in the pre-OA-α-LA samples compared with that in the OA samples; suggesting oxidative stress preventive effects of α-LA. These results imply that ALI increases oxidative stress and that α-LA exhibits an opposing effect protecting against ALI. The absence of a significant difference in the serum MDA level between the post-OA-α-LA and OA groups suggests that the administered dose of α-LA is insufficient to produce an injuryreversing effect.
As a result of the examination of the α-LA samples, it was determined that the increased activity levels of CAT and GSH-Px and elevated serum GSH content are likely caused by the strong antioxidant properties of α-LA and its restorative effect on endogenous antioxidants. Conversely, with the OA samples, the decreased enzymatic activity levels and GSH concentration indicate a pro-oxidant shift in the oxidantantioxidant balance during OA-induced ALI. The conclusions drawn from a comparison of pre-OA-α-LA samples with OA samples suggest that the OA-induced increase in oxidative potential was counteracted by α-LA; in fact, antioxidant capability appeared to recover until it approximated that in control samples. However, in post-OA-α-LA samples, the increase in oxidative stress resulting from injury was not neutralised by α-LA. Taken together, these findings suggest that α-LA exerts preventive effects only if it is administered prior to the induction of an injury.
OA is commonly used to induce ALI in laboratory animals. Exposure to OA has been previously shown to result in alveolar oedema, congestion, neutrophil infiltration, and deterioration of the pulmonary structure in the lung tissue of rats (33, 15) . Similarly, neutrophil infiltration, alveolar oedema, and expansion and thickening of the alveolar wall have been reported in an experimental lung injury model for acute pancreatitis (40) . In the current study, rats exposed to OA experienced ALI characterised by similar problems: perivascular oedema, interstitial and intra-alveolar oedema, mononuclear cell infiltration, haemorrhage, hyaline membrane formation, and diffuse alveolar damage. Prominent histopathological changes observed in samples from the OA group, such as increased vascular permeability, oedema, and hyaline membrane formation, were less severe or absent in pre-OA-α-LA samples. The histopathological examination and supporting biochemical analyses confirmed the presence of OA-induced ALI and the protective effects of an α-LA infusion prior to exposure to OA.
In conclusion, the application of OA to develop an experimental ALI model resulted in oxidative stress characterised by elevated serum MDA concentrations and decreased levels of activity for the antioxidant enzymes GSH-Px, SOD, and CAT. Exposure to OA also produced histopathological damage in the lung tissue of rats. However, if α-LA was administered 15 minutes before OA infusion, oxidative stress was reduced, which was indicated by lower serum MDA content, increased levels of antioxidant enzymatic activity, and amelioration of histopathological damage to the lungs of rats. In summary, we conclude that α-LA protects against and may prevent ALI. 
